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Physical  and  chemical  properties  of  poly(vinylidene  fluoride)  (PVDF),  sodium  carboxymethyl  cellulose 
(CMC)  and  polyacrylic  acid  (PAA)  binders  are  investigated  in  this  paper,  including  functional  group 
analysis,  crystallinity  and  thermal  properties.  Then  LiMn204  cathodes  with  four  different  binder  systems 
(PAA  binders/NMP  solvent,  PVDF  binders/NMP  solvent,  PAA  binders/H20  solvent  and  CMC  binders/H20 
solvent)  are  prepared,  and  their  adhesion  strengths,  swelling  properties,  morphologies  and  electro¬ 
chemical  properties  are  studied.  The  results  show  that  the  LiMn204  cathode  with  PAA/NMP  system 
displays  the  best  cycle  performances  at  both  25  °C  and  55  °C  among  these  four  cathodes;  the  better 
capacity  retention  for  LiMn204  cathode  with  PAA/NMP  system  is  related  to  strong  binding  ability, 
appropriate  swelling  property  and  homogeneous  distribution  of  particles  inner  the  electrode. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  the  past  few  decades,  lithium  ion  batteries  have  attracted 
considerable  attention  due  to  their  promising  applications  in 
electric  vehicles,  hybrid  electric  vehicles  and  smart  grids  [1-3]. 
Intense  worldwide  efforts  are  under  way  to  develop  batteries 
with  excellent  performances  to  meet  the  ever-increasing  de¬ 
mand  for  people’s  daily  life.  Traditionally,  most  researches  were 
focused  on  the  active  material  optimizations  to  enhance  the 
electrochemical  properties  of  lithium  ion  batteries  [4-6],  while 
less  attention  was  devoted  to  the  advancement  of  the  electri¬ 
cally  inactive  components  of  battery  electrodes,  such  as  binders. 
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Yet  in  recent  years,  many  studies  have  shown  that  many 
important  battery  characteristics,  such  as  the  stability  and  rate 
performances,  are  critically  dependent  on  the  binder’s  proper¬ 
ties  [7-10]. 

Binder  is  an  important  part  of  electrode  formulation  because  it 
can  maintain  the  physical  structure  of  the  electrode;  without  a 
binder,  the  electrode  would  fall  apart.  A  perfect  binder  should  have 
high  adhesion  ability  for  the  electrode  materials  to  the  current 
collector,  as  well  as  the  ability  to  form  a  good  electric  network 
between  the  active  material  and  conductive  carbon,  to  facilitate 
electron  transport  and  lithium  ion  diffusion  [11]. 

Traditional  poly(vinylidene  difluoride)  (PVDF)  is  the  most 
widely  used  binder  in  commercial  lithium  ion  batteries  as  it  ex¬ 
hibits  excellent  electrochemical  stability  and  bonding  strength. 
However,  it  has  been  know  that  at  elevated  temperatures,  the 
fluorine  contained  PVDF  might  react  with  lithiated  graphite  (LixCe) 
and  metal  lithium  via  an  exothermic  reaction  to  form  more  stable 
LiF  and  unsaturated  >C=CF-  bonds,  thus  leading  to  a  risk  of 
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thermal  runaway  [12].  In  addition,  as  mentioned  by  Zhang  et  al. 
[13],  PVDF  is  readily  swollen,  gelled  or  dissolved  by  nonaqueous 
liquid  electrolytes  to  form  viscous  fluid  or  gel  polymer  electrolyte, 
which  results  in  desquamation  of  electrode  particles  hence 
capacity-fading  and  cycle  life  shortening.  Moreover,  the  low  flexi¬ 
bility  of  PVDF  cannot  meet  the  demands  of  long  cycle  life  for 
cathode  due  to  breaking  of  the  bonds  between  the  active  material 
and  the  conductive  carbon  when  the  durable  expansion/contrac¬ 
tion  process  of  the  active  material  occurs  during  cycling  [14]. 

Another  kind  of  binder  that  is  commonly  used  in  commercial 
lithium  ion  batteries  is  the  sodium  salt  of  carboxymethyl  cellulose 
(CMC).  The  greatest  advantage  of  CMC  is  that  it  allows  processing  of 
electrode  slurries  with  water  solvent  rather  than  with  polluting, 
environmentally  unfriendly,  volatile  organic  compound-based  sol¬ 
vents.  Moreover,  this  kind  of  water-soluble  binder  is  cheap  and  easy 
to  dispose  at  the  end  of  the  battery  life,  thus  definitely  leading  to 
cheaper  and  greener  electrode  processing  [15].  Due  to  its  apparent 
advantages,  the  applications  of  CMC  as  the  binders  in  lithium  ion 
batteries  have  been  reported  frequently  [9,16].  Flowever,  the  CMC 
binder  is  usually  used  together  with  styrene-butadiene  rubber 
(SBR),  another  kind  of  binder  to  get  a  better  performance. 

Recently,  some  new  species  of  binders  have  been  employed  in 
lithium  ion  batteries  [7,17—19].  Among  them,  polyacrylic  acid  (PAA) 
has  received  large  attention.  The  chemical  structure  of  PAA  is 
shown  in  Fig.  1,  along  with  that  of  PVDF  and  CMC  for  comparison. 
PAA  can  dissolve  in  both  water  and  N-methyl-2-pyrrolidone  (NMP), 
and  it  can  form  strong  hydrogen  bonds  with  both  active  materials 
and  current  collectors  due  to  carboxylic  acid  functional  groups.  PAA 
as  a  binder  for  Sn,  Si  alloys  20-26],  natural  graphite  anodes  [27— 
31],  and  LiFeP04  cathodes  [19,32-34]  had  previously  been  re¬ 
ported.  In  our  previous  works  [33,34],  LiFeP04  cathode  with  PAA  as 
binder  and  NMP  as  solvent  was  prepared,  both  the  room  temper¬ 
ature  [33]  and  elevated  temperature  electrochemical  performances 
[34]  had  gotten  better  results  than  that  of  the  conventional  LiFeP04 
cathodes  with  PVDF  binder. 

Similarly  to  LiFeP04  material,  LiMn204  as  one  of  the  most 
promising  large-scale  commercial  cathodes  for  lithium  ion  batte¬ 
ries  has  shown  its  overwhelming  advantages  of  low  cost  and 
environmental  friendly.  However,  we  know  that  the  LiM^CH  suf¬ 
fers  fast  capacity  fading  during  cycling,  especially  at  elevated 
temperatures  due  to  Jahn-Teller  distortion  and  Mn3+  ions  disso¬ 
lution  into  the  electrolyte  [35,36].  Many  efforts  were  taken  to 
improve  electrochemical  performances  of  LiM^CU,  including 
LiMn204  materials  optimizing  and  electrolyte  improvement.  Here 
we  conducted  experiments  to  investigate  whether  or  not  the 
binders  can  improve  the  electrochemical  performances  of  LiMn204 
cathode,  especially  the  PAA  binder,  which  can  improve  the  per¬ 
formances  of  LiFeP04  cathode  and  other  anodes.  To  the  best  of  our 
knowledge,  there  is  no  report  about  the  application  of  PAA  as  a 
binder  for  LiMn204  cathode. 

In  this  work,  we  studied  the  effects  of  PVDF,  CMC  and  PAA 
binders  on  the  electrochemical  properties  of  LiMn204  cathodes.  At 
first,  physical  and  chemical  properties  of  the  pristine  binders  have 


Fig.  1.  Chemical  structures  of  PAA,  PVDF  and  CMC. 


been  researched,  and  then  LiMn204  cathodes  with  different  binders 
have  been  prepared  to  test  the  electrochemical  performances  and 
some  physical  properties.  Herein  we  have  made  a  research  of  four 
different  cases:  LiMn204  cathodes  with  PAA  binders  and  NMP  sol¬ 
vent  (PAA/NMP),  PVDF  binders  and  NMP  solvent,  PAA  binders  and 
H2O  solvent  (PAA/H2O),  CMC  binders  and  H2O  solvent. 


2.  Experiment 

The  commercial  LiMn204  powders  were  provided  by  Tianjin 
Lishen  Battery  Co.,  Ltd.,  China  with  detailed  specifications  as  fol¬ 
lows:  Li  mass  percent  (4.0%),  average  particle  size  D50  (15  pm),  tap 
density  (2.1  g  cm-3)  and  BET  specific  surface  area  (0.6  m2  g-1). 
Super  P  with  an  average  particle  size  of  40  nm  was  acquired  from 
TIMCAL  Graphite  &  Carbon,  Switzerland.  PAA  powder 
(Mw  =  450,000)  was  purchased  from  Sigma— Aldrich.  PVDF 
(HSV900,  Mw  =  1,000,000)  was  supplied  by  Arkema,  France.  The 
type  2200  sodium  carboxymethyl  cellulose  (CMC)  was  come  from 
DAICEL,  Japan. 

The  three  kinds  of  binder  powders  were  characterized  by 
scanning  electron  microscopy  (SEM,  Quanta-200,  FEI),  X-ray 
diffraction  (XRD,  Rigaku  D/max),  Fourier  transform  infrared  spec¬ 
troscopy  (FTIR,  Nicolet  6700)  and  solubility  tests.  Additionally, 
these  three  binder  powders  were  extruded  by  a  hydraulic  press  to 
form  a  cylinder  with  diameter  of  10  mm  for  thermal  diffusivity  and 
thermal  expansion  rate  tests.  The  thermal  expansion  rates  were 
tested  using  electronic  dilatometer  (DIL  402PC  netzsch),  sample 
mass  for  the  test  was  1  g,  and  rate  of  temperature-increase  was 
5  K  min-1  from  25  °C  to  80  °C.  The  whole  process  was  finished  in 
the  N2  atmosphere,  with  the  N2  flow  rate  100  mL  min-1.  For  the 
thermal  diffusivity  date,  it  was  tested  by  using  thermophysical 
property  measuring  apparatus,  sample  mass  for  the  test  was  1  g, 
and  the  temperature  was  25  °C. 

For  electrode  preparation,  measured  amounts  of  LiMn204,  Super 
P  and  binder  (80:10:10  by  mass)  were  added  into  a  container  with 
suitable  amounts  of  solvent  (NMP  for  PAA,  PVDF,  deionized  water 
for  PAA,  CMC,  respectively).  Details  on  the  electrodes  preparation, 
cells  configuration  and  electrochemical  performances  tests  had 
been  described  clearly  in  our  previous  works  33,34]. 

Adhesion  strength  of  the  LiMn204  composite  layers  onto 
the  Al  current  collectors  were  tested  using  180°  peel  tester  (XLW 
PC,  Labthink)  with  the  rate  of  30  cm  min-1.  Swelling  properties 
of  the  binders  were  examined  from  weight  gain  of  the  elec¬ 
trodes  after  soaking  them  in  the  electrolyte  for  48  h.  Morphol¬ 
ogies  of  the  electrodes  were  conducted  by  SEM  (Quanta-200, 
FEI). 

3.  Results  and  discussion 

3  A.  Physical  and  chemical  properties  of  the  pristine  binders 

Fig.  2  shows  the  FTIR  spectra  of  the  PAA,  PVDF  and  CMC  binders. 
For  PAA  binder,  the  main  absorbance  band  at  1720  cm-1  is  assigned 
into  the  free  carboxylic  acid  group  (-COOH),  also  we  can  find  two 
absorbance  bands  at  1640  and  1450  cm-1,  which  are  from  the 
associated  two  carboxylic  groups,  forming  hydrogen  bonding  to 
crosslink  the  PAA  chains  [22,37].  For  CMC  binder,  the  peaks  of  so¬ 
dium  carboxylate  group  (-COO  Na+)  at  1600  and  1420  cm-1  can 
be  found  clearly,  vibrational  bands  between  900  and  1100  cm-1  are 
attributed  to  the  ether  groups  (C-O— C)  from  cellulose  [10].  For 
PVDF  binder,  the  vibrational  bands  at  1180  and  880  cm-1  are 
ascribed  to  the  stretching  frequencies  of  CF2.  Additionally,  the 
bands  at  973,  879,  840,  762,  612  cm-1  are  crystallization  peaks 
which  are  assigned  to  the  vibration  of  the  crystallization  PVDF 
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Fig.  2.  FTIR  spectra  of  PAA,  PVDF  and  CMC. 


according  to  Peng’s  report  [38].  That  is  to  say  PVDF  is  a  semi¬ 
crystalline  polymer,  which  will  be  further  discussed  in  the  later 
section. 

Such  differences  in  molecular  structures  can  highly  influence 
the  binding  abilities  of  different  binders.  According  to  Cai’s  reports 
[32],  due  to  the  existences  of  carboxylic  groups  in  PAA  and  CMC 
binder,  ester-like  chemical  bonds  between  the  polymer  molecules 
and  the  hydroxyl  groups  on  the  surfaces  of  active  material  powders 


can  be  formed,  thus  leading  to  strong  binding  ability  in  the  com¬ 
posite  electrodes.  Additionally,  for  PAA  binder,  the  formed 
hydrogen  bonds  between  the  associated  two  carboxylic  groups 
(1640  and  1450  cm-1)  can  crosslink  or  bridge  the  PAA  chains  and 
bring  more  excellent  binding  ability  than  CMC  according  to  the 
other’s  researches  [22,37].  In  the  case  of  PVDF,  the  bonding  ability 
comes  from  the  formation  of  very  weak  hydrogen  bonds  with  F 
atoms  and  active  materials  [8],  which  result  in  relatively  weak 
adhesion  as  displayed  in  the  later  section. 

The  crystallinities  of  the  binders  were  examined  by  XRD.  Fig.  3a 
presents  X-ray  diffraction  patterns  of  the  three  binders,  since  the 
diffraction  peak  around  26  =  ca.  20°  for  PVDF  is  sharper  than  the 
other  two  polymers.  Note  that  the  PVDF  has  a  better  crystallinity 
than  PAA  and  CMC  because  it  is  a  semicrystalline  polymer  with  a 
polymorphism  according  to  Han’s  report  [39].  The  results  of  XRD 
are  similar  with  the  FTIR  in  Fig.  2.  Also,  the  conclusions  can  be 
confirmed  by  the  SEM  images  of  the  three  binder  pristine  solid 
powders  as  show  in  Fig.  3b— d.  We  can  see  from  Fig.  3b  that  PVDF  is 
composed  of  small  spherical  particles,  gather  together  like  roe.  The 
result  suggests  that  PVDF  has  regular  shape,  which  is  one  of  the 
features  of  crystal.  While  for  PAA  and  CMC  binders,  only  irregular 
shape  particles  can  be  observed  in  Fig.  3c  and  d,  which  indicates 
that  PAA  and  CMC  are  amorphous  substances. 

The  differences  in  the  crystallinity  may  highly  influences  the 
morphologies  of  polymer  films,  which  are  formed  after  dissolving 
the  binders  in  solvent  and  then  drying  [21-23,40].  The  PVDF  is  a 
semicrystalline  polymer,  so  that  its  main  chains  are  in  part  bundled 
together  to  form  the  crystallite  region  during  drying.  Therefore,  the 
amount  of  the  polymer,  which  is  effectively  used  to  bind  the  elec¬ 
trode  materials  is  reduced  23].  Consequently,  the  PVDF  polymer 


Fig.  3.  (a)  for  X-ray  diffraction  patterns  of  the  three  binders,  (b),  (c)  and  (d)  for  SEM  of  PVDF,  PAA  and  CMC  pristine  solid  powders,  respectively. 
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Fig.  4.  Thermal  expansion  rate  curves  of  PAA,  PVDF  and  CMC  binders  at  the  temper¬ 
ature  rang  from  20  °C  to  75  °C. 

film  possesses  many  pores  [40],  whereas  the  amorphous  PAA  film  is 
a  uniform,  dense,  and  transparent  one,  like  glue. 

For  this  reason,  LiMn204  electrodes  prepared  using  PVDF  and 
PAA  binders  will  show  apparently  differences  in  morphology.  The 
glue-like  PAA  binder  can  cover  the  LiMn204  active  materials 
completely  and  uniformly,  like  a  protective  film,  thus  improving  the 
electrochemical  performances  of  electrodes  due  to  the  decrease  of 
electrolyte  decomposition  [27-29]  or  other  reasons  [34].  However, 
for  PVDF,  it  covers  the  LiM^CU  active  materials  like  a  net  with 
many  pores  [40],  so  that  the  electrolyte  can  contact  the  active 
materials  directly,  leading  to  electrochemical  performances 
deterioration. 

Thermal  properties  concerning  thermal  diffusivity  and  thermal 
expansion  rate  of  the  polymers  were  tested.  Fig.  4  shows  the 
thermal  expansion  rate  curves  of  the  three  binders  between  20  °C 
and  80  °C,  the  normal  using  temperature  range  of  lithium  ion 
batteries.  We  can  see  that  the  PVDF  binder  has  larger  thermal 
expansion  rate  dL/Lo  (I  for  the  length  of  the  sample  at  some  tem¬ 
perature,  L0  for  the  original  length  of  the  sample)  than  CMC  and 
PAA  binders.  This  is  because  thermal  expansion  generally  influ¬ 
enced  by  intermolecular  forces,  the  intermolecular  force  of  PVDF 
polymer  (mainly  van  der  Waals  force)  is  weaker  than  that  of  PAA 
and  CMC  polymers,  which  not  only  the  van  der  Waals  force,  but  also 
hydrogen  bonds  exist  between  the  molecular  [22,37].  The  result 
indicates  that  when  the  temperature  increases,  the  PVDF  binder 
has  the  largest  volume  expansion,  and  the  inner  pressure  of  the 
battery  made  with  PVDF  binder  is  largest,  which  tends  to  trigger 
safety  problems. 

Thermal  diffusivity  of  the  polymers  were  illustrated  in  Table  1, 
the  PAA  binder  has  the  largest  thermal  diffusivity  for 
3.1  x  10~3  cm2  s-1,  which  is  about  three  times  larger  than  that  of 
CMC  binder  (1.0  x  10-3  cm2  s-1)  and  PVDF  binder 
(9.1  x  10  4  cm2  s-1).  The  difference  in  the  thermal  diffusivity  will 


Table  1 

Thermal  diffusivity  of  the  three  polymers. 


Binder 

Thermal  diffusivity  cm2  s  1 

PVDF  binder 

9.1  x  1CT4 

PAA  binder 

3.1  x  10"3 

CMC  binder 

1.0  x  10~3 

have  an  impact  on  the  safety  performance  of  batteries.  Particularly, 
when  there  is  a  momentary  high  temperature  emerges  in  the 
battery,  the  PAA  binder  with  the  larger  thermal  diffusivity  can 
spread  the  heat  to  the  outside  more  quickly.  The  temperature 
sensor  outside  the  battery  can  respond  timely.  Thus,  the  occurrence 
of  safe  problem  decreases. 

3.2.  Physical  properties  of  the  electrodes  with  four  binder  systems 

Fig.  5  shows  the  SEM  images  of  LiMn204  electrodes  using  four 
different  binder  systems.  In  Fig.  5a  and  b,  we  can  see  that  both  the 
cathodes  made  with  PVDF  and  PAA/NMP  binder  systems  have  good 
dispersities.  While  big  aggregate  particles  can  be  found  in  the  PAA/ 
H20  binder  system  electrode  (Fig.  5c).  Additionally,  the  CMC  binder 
electrode  shows  a  big  difference  from  the  others,  some  LiM^CH 
particles  are  exposed  on  the  electrode  surface.  Such  morphology 
distinctions  are  determined  by  the  different  physicochemical 
properties  of  three  binders.  Comparing  the  SEM  images  of  the  two 
PAA  binder  electrodes  (Fig.  5b  and  c),  we  can  find  that  the 
electrode  dispersities  are  largely  changed  by  using  different  sol¬ 
vents.  According  to  Lestriez’s  report  [41  ],  we  propose  that  the  main 
reason  is  the  difference  of  viscosity  between  the  two  binder  solu¬ 
tions,  which  are  formed  after  dissolving  the  binders  into  the  sol¬ 
vents.  The  differences  of  the  electrode  dispersity  may  influence 
electrochemical  performances  of  the  four  cathodes,  which  will  be 
represented  later  in  the  cycle  performance  discussion. 

Adhesion  strengths  of  the  composite  electrodes  were  evaluated 
by  180°  peel  test.  Table  2  summarizes  the  adhesive  strengths  to  the 
aluminum  current  collectors  for  the  LiMn204  composite  electrodes 
with  the  four  different  binder  systems.  The  load  to  peel  the  PVDF 
composite  from  current  collector  was  measured  to  be  0.32  N  cm-1, 
which  is  considerably  smaller  than  1.5  N  cur1  observed  for  the 
PAA/H2O  and  CMC  binder  system  LiM^CU  composites,  and  the 
adhesion  strength  of  PAA/NMP  composite  is  10  times  larger  than 
that  of  PVDF,  for  3.2  N  cm-1.  The  mechanical  strength  of  the  com¬ 
posite  layer  is  improved  by  the  application  of  PAA  binder  and  NMP 
solvent.  For  the  two  PAA  binder  electrodes  with  NMP  and  H2O,  due 
to  some  aggregation  existing  inner  the  PAA/H20  binder  electrode 
(Fig.  5c),  thus  leading  to  uneven  distribution  of  binder.  Adhesion 
strength  of  the  PAA/H2O  binder  electrode  may  be  weaker  than  the 
uniformly  distributed  PAA/NMP  binder  electrode  (Fig.  5b). 

A  binder’s  high  adhesive  strength  plays  an  important  role  in 
improving  the  electrode  performances  especially  the  cycle  ability. 
The  cathode  with  PVDF  binder  easily  loses  the  electrical  contact 
with  the  current  collector  compared  with  the  cathode  using  PAA/ 
NMP  binder  system,  which  can  sticks  the  particles  on  the  Al  sub¬ 
strate  to  withstand  the  excessive  penetration  of  electrolyte  solution 
and  the  volume  change  of  the  electrode  during  cycling.  After  the 
cycling  test,  the  PVDF  composite  electrode  can  be  detached  from 
the  aluminum  current  collector  easily,  while  the  other  three  elec¬ 
trode  composites  tightly  stuck  to  the  current  collectors,  as  can  be 
seen  in  Fig.  6.  Such  an  adhesive  strength  result  can  be  an  important 
reason  why  LiMn204  with  PAA/NMP  shows  better  cycle  ability  than 
PVDF  binder  cathode  as  will  be  represented  later. 

Swelling  properties  of  the  electrode  films  were  examined  by 
soaking  them  in  the  electrolyte  solution  (1  mol  L-1  LiPFe6  dissolved 
in  EC/DMC/EMC  1:1:1  by  mass)  at  room  temperature  for  48  h.  Then 
the  electrodes  were  taken  out  to  weigh  the  m\  after  removing  the 
electrolyte  on  the  surface  with  the  filter  papers.  Here  we  define  the 
initial  weight  of  the  electrodes  as  m0.  The  increased  mass  percent  of 
the  polymer  films  (mi  -  mo)/mo  were  summarized  in  Table  2.  In  this 
experimental  condition,  weight  gain  of  the  polymer  film  by  the 
absorption  of  the  carbonate  solution  is  20.8%,  5.2%,  10.3%  and  8.3% 
of  the  initial  weight  for  PVDF,  PAA/NMP,  PAA/H2O  and  CMC  binder 
system,  respectively.  For  the  two  kinds  of  PAA  binder  electrodes, 
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Fig.  5.  SEM  images  of  LiMn204  electrodes  made  with  the  four  binder  systems,  (a)  for  the  cathodes  made  with  PVDF,  (b)  for  PAA/NMP,  (c)  for  PAA/H20  and  (d)  for  CMC  binder  system, 
respectively. 


due  to  lots  of  aggregation  particles  existing  in  the  PAA/H2O  binder 
electrode,  interspaces  between  the  aggregation  big  particles  are 
larger  than  that  of  PAA/NMP  binder  electrode.  So  the  PAA/H20 
binder  electrode  may  absorb  more  liquid  when  soaking  it  in  the 
electrolyte. 

Another  experiment  of  the  swelling  character  is  added  by 
soaking  the  binders  in  the  electrolyte  solution  directly.  And  Fig.  7 
records  the  beginning  and  end  situation  (after  48  h).  PVDF  pow¬ 
ders  easily  swells,  forming  a  viscous,  gel-like  fluid  product,  which  is 
in  accordance  with  other  reports  [13,23].  In  contrast,  PAA  and  CMC 
do  not  swell  at  the  same  experimental  condition.  Reasons  of  the 
phenomenon  described  above  have  not  been  found  out  by  us  yet. 

The  swelling  of  binders  must  be  also  the  important  factors  for 
reversible  cycling.  PVDF  can  be  swelled  by  absorbing  electrolyte, 
leading  to  the  penetration  of  electrolyte  solution  into  the  whole 
composite  electrode  and  desquamation  of  electrode  particles.  The 
electrical  conductive  network  in  the  PVDF  composite  electrode 
might  be  in  part  loosened  or  broken  by  the  inordinate  penetration 
of  the  electrolyte  according  to  Komaba’s  report  [22],  resulting  in 
capacity-fading  and  cycle  life  shortening  after  long  time  cycling. 
While  for  PAA  binder  composite  electrode,  the  polymer  can 


Table  2 

Adhesion  strengths  and  swelling  properties  of  the  LiMn204  cathodes  with  four 
binder  systems. 


Electrode 

Adhesion  strength  N  cm  1 

Swelling  property  % 

LiMn204/PVDF 

0.32 

20.8 

LiMn204/PAA/NMP 

3.26 

5.2 

LiMn204/PAA/H20 

1.57 

8.3 

LiMn204/CMC 

1.50 

10.3 

effectively  prevent  the  excessively  penetration  of  the  electrolyte 
and  improve  the  cycle  performance  compare  to  PVDF  system. 

3.3.  Electrochemical  performances 

The  C-rate  performances  of  the  LiMn204  electrodes  with 
different  binder  systems  were  tested  at  25  °C,  as  shown  in  Fig.  8. 
Among  all  of  the  binder  systems,  CMC  exhibits  the  largest  discharge 
capacity  at  0.1  C  rate  (137.7  mAh  g-1).  The  cathode  made  with  PAA/ 
NMP  binder  system  ranks  second,  with  a  capacity  of  131.3  mAh  g-1. 
The  remaining  two  systems  have  the  same  discharge  capacity  for 
about  124  mAh  g-1.  Flowever,  the  results  are  different  at  3  C  rate,  at 
which  the  discharge  capacity  of  PVDF  binder  is  the  largest.  And  the 
capacity  retention  at  higher  rates  is  74.9%,  66.2%,  66.2%  and  63.6%, 
for  PVDF,  PAA/NMP,  PAA/FI20  and  CMC  systems,  respectively. 

As  mentioned  above  [23,29,40],  the  semicrystalline  PVDF  poly¬ 
mer  possesses  many  pores,  whereas  the  amorphous  PAA  is  a  uni¬ 
form,  dense,  and  transparent  film,  like  glue.  The  glue-like  PAA 


(PVDF)  (PAA/NMP)  (PAA/HzO)  (CMC) 


Fig.  6.  Morphologies  of  the  four  electrodes,  the  electrodes  were  taken  out  from  the 
batteries  after  200  cycles. 
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(before  soaking) 


(after  48h  soaking  by  electrolyte) 


Fig.  7.  The  difference  in  the  swelling  of  the  polymer  powders  by  addition  of  the  electrolyte  solution  (1  mol  L  1  in  EC:DMC:EMC  =  1:1:1  by  mass). 


Fig.  8.  (a)  Rate  performance  of  electrodes  made  with  different  binder  systems;  (b)  discharge  capacity  retention  at  various  current  densities. 


binder  can  cover  the  active  materials  completely  and  uniformly  to 
decrease  electrolyte  decomposition,  but  at  the  same  time,  it  may 
influence  the  speed  of  lithiation  and  delithiation,  especially  at  a 
high  rate  situation,  where  the  Li+  get  in  and  out  the  active  materials 
at  high  speed.  But  the  Li+  can  go  through  the  pored  PVDF  binder 
easily.  This  is  why  the  discharge  capacity  of  PVDF  binder  cathode  at 
higher  rate  is  better  than  the  PAA  systems.  For  the  CMC  binder 
cathode,  the  poor  capacity  retention  at  higher  rates  may  be  related 
to  the  uneven  distribution  of  particles  and  poor  conductive 
network  in  the  cathode  as  seen  in  the  SEM  in  Fig.  5d. 

The  cyclic  performances  at  1  C  of  LiMn204  electrodes  prepared 
with  different  binder  systems  are  illustrated  in  Fig.  9.  The  order  of 
capacity  retention  from  best  to  worst  is  cathode  with  PAA/NMP, 
PVDF,  CMC,  PAA/H20  binder  system;  they  are  85.7%,  75.6%,  57.3% 
and  31.1%  for  200  cycles,  respectively.  The  cycling  result  of  PVDF 
binder  cathode  is  comparable  to  the  report  of  others  [4-6,36].  The 
better  capacity  retention  of  PAA/NMP  binder  system  cathode  can  be 
related  to  the  strong  binding  ability,  appropriate  swelling  property 
as  well  as  the  homogeneous  distribution  of  particles  inner  the 
electrode.  And  the  cycle  properties  might  be  influenced  by  a  small 
binding  strength  for  PVDF  binder  electrode  and  imperfect  dis- 
persities  for  CMC  and  PAA/H2O  binder  systems  electrodes, 
respectively. 

Fig.  10  shows  the  discharge  curves  of  the  four  kinds  of  cathodes 
at  various  cycle  numbers  at  25  °C.  All  the  1  st  discharge  curves  of  the 
four  systems  show  lower  voltage  than  the  subsequent  cycle.  This  is 
probably  because  of  the  incompletely  immersing  of  electrodes  by 
the  electrolyte  at  the  beginning  of  the  cycle,  some  of  the  conducting 
matrix  may  not  play  role  thus  lead  big  impedance.  The  PVDF  binder 


cathode  has  the  best  initial  capacity  (115  mAh  g'1),  a  slight  higher 
than  the  other  three  systems  (110  mAh  g-1).  With  the  increasing  of 
cycle  number,  the  discharge  voltage  and  capacity  for  the  PAA/NMP 
binder  system  (Fig.  10a)  almost  remain  the  same,  while  the 
discharge  voltage  and  capacity  decline  obviously  for  the  other  three 
binder  systems,  as  shown  in  Fig.  10b,  c  and  d.  The  result  can  be 


Fig.  9.  Discharge  cycle  performances  of  LiMn204  cathodes  with  the  four  different 
binder  systems  at  the  rate  of  1  C  between  3  V  and  4.3  V  at  25  °C. 
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Fig.  10.  1  C  discharge  curves  of  the  four  kinds  of  cathodes  at  various  cycle  numbers  at  25  °C,  (a)  for  PVDF,  (b)  for  PAA/NMP,  (c)  for  PAA/H20  and  (d)  for  CMC  binder  system. 


ascribed  to  the  increasing  potential  polarization  of  the  cathodes 
during  the  charge  and  discharge  processes. 

Fig.  11  presents  cyclic  performances  of  LiMn204  with  the  four 
binder  systems  at  55  °C  at  the  rate  of  0.5  C.  The  PAA/NMP  binder 
system  cathode  generates  the  best  capacity  retention  (74.8%  for  100 
cycles),  the  second  largest  retention  is  PAA/H2O  binder  system  for 
72%,  the  third  is  PVDF  for  67.6%,  which  is  comparable  to  the  report 


Fig.  11.  Discharge  cycle  performances  of  LiMn204  cathodes  with  the  four  different 
binder  systems  at  the  rate  of  0.5  C  between  3  V  and  4.3  V  at  55  °C. 


of  Chen  et  al.  [4-6],  and  the  last  one  is  CMC  for  57.8%.  Detail 
mechanisms  for  the  PAA  binder  to  improve  the  high  temperature 
performances  of  LiMn204  cathode  are  being  investigated  by  us, 
which  will  be  discussed  in  further  report. 

4.  Conclusions 

Electrochemical  properties  of  LiMn204  cathode  made  with  the 
four  binder  systems  are  studied  in  this  report,  and  the  cathode  with 
PAA/NMP  system  shows  the  best  cycle  performances  in  both  25  °C 
and  55  °C  among  the  four  kinds  of  cathodes.  The  capacity  retention 
is  85.7%  for  200  cycles  and  74.8%  for  100  cycles,  respectively.  The 
better  capacity  retention  of  PAA/NMP  binder  system  cathode  can  be 
related  to  the  strong  binding  ability,  appropriate  swelling  property 
as  well  as  the  homogeneous  distribution  of  particles  inner  the 
electrode.  The  polymer  binder  has  a  great  impact  on  the  electro¬ 
chemical  performance  of  the  electrodes,  we  believe  that  the 
research  of  binders  will  be  a  useful  way  for  the  development  of 
lithium-ion  battery  technology  in  the  future. 
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